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Summary

Development of inflammatory diseases, such as metabolic syndrome and

cancer, is prevalent in individuals that encounter continuous disruption

of their internal clock. Further, daily oscillations in susceptibility to infec-

tion as well as a multitude of other immunological processes have been

described. Much progress has been made and various mechanisms have

been proposed to explain circadian variations in immunity; yet much is

still unknown. Understanding the crosstalk between the circadian and the

immune systems will allow us to manipulate clock outputs to prevent and

treat inflammatory diseases in individuals at risk. This review briefly sum-

marizes current knowledge about circadian rhythms and their role in the

immune system and highlights progress and challenges in chrono-

immunological research.
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Introduction

The circuitry of the mammalian circadian clock

Circadian rhythms are daily oscillations in behaviour and

physiology that prepare organisms to better react to and

anticipate changes in the environment that are a conse-

quence of the earth’s rotation. These cellular clocks are

conserved from cyanobacteria to mammals and are

accordingly found in almost every cell in multicellular

organisms that evolved from unicellular progenitors.

Higher life forms, as they faced the daunting task of

sustaining synchrony of their peripheral clocks, started to

use exogenous signals – termed zeitgeber, the German

word for ‘time giver’1 – that could be sensed by the

organism to entrain and align circadian rhythms. Under

free running conditions – an environment that lacks zeit-

geber signals – robust circadian outputs are sustained,

whereas diurnal outputs are lost as they are a direct effect

of exogenous signals. Environmental conditions can addi-

tionally obscure circadian outputs, which is described in

a concept called masking.2 Outputs can thereby be phase-

shifted directly by masking stimuli without clock entrain-

ment; yet in the absence of the masking stimulus, the

originally entrained rhythm is restored. Although research

to date has focused on light, it is not the only zeitgeber.

A variety of signals, such as temperature, food and social

cues3–6 among others, have been described as zeitgebers

with varying potential. Under normal, physiological cir-

cumstances all zeitgebers are tightly correlated. For exam-

ple, the light cycle, outdoor temperature and food

availability tend to fluctuate in a predictable way accord-

ing to the time of day. In Zebrafish, peripheral clocks, for

example in the liver and heart, are directly light entrained

and changes in light patterns result in rapid phase shifts

of core clock proteins.7 Equally, locomotor activity in

blinded birds remains an immediate function of light.8 In

other organisms, such as mammals, extra-retinal cells

have lost the ability to directly interpret photic cues.

Instead, mechanical destruction of mammalian brain

regions identified a light-regulated circadian master pace-

maker in the suprachiasmatic nucleus (SCN), which regu-

lates subordinate peripheral clocks.9,10 Light, as the

primary environmental stimulus, correlates with the

earth’s rotation and is sensed by photosensitive cells in

the retina and regulates the SCN in the hypothalamic

region of the brain via the retino–hypothalamic tract. The

SCN subsequently synchronizes peripheral clocks via

mediators including hormones and neuronal signals, pri-

marily using the hypothalamic–pituitary–adrenal axis and
the autonomic nervous system. This model of a hierarchi-

cal organization of the body clock, with the brain clock at

the top, has recently been refined. Specific ablation of the

cellular clock in the SCN in mice on a light/dark regimen

did not result in loss of circadian behaviour as expected.

When mice were placed in constant darkness, the
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amplitude of clock genes in the periphery diminished

over time,11 suggesting a dual role for the SCN in pro-

cessing light signals. Besides the conventional master

clock, which is dependent on functional cellular clocks,

there appears to be a clock-independent, light-responsive

element. In the absence of both SCN signals, peripheral

clock rhythmicity can be temporarily sustained, but grad-

ual weakening of the amplitude eventually results in loss

of synchrony, similar to what is seen in peripheral clocks

in vitro.12

The core molecular clock, in both the periphery and

the SCN, is comprised of two main transcriptional–trans-
lational feedback loops, which counter-regulate each other

to generate a circadian cycle of gene expression. Brain

and Muscle ARNT-like 1 (BMAL1) and Circadian Loco-

motor Output Cycles Kaput (CLOCK) proteins

heterodimerize13 and bind to E-boxes (CACGTG)14 to

induce transcription of target genes15 along with a set of

regulatory proteins including PERIOD (PER1, 2 and 3),

CRYPTOCHROME (CRY1 and 2), REV-ERB (REV-ERBa

and b) and RAR-Related Orphan Receptor (RORa, b and

c), which feed back to regulate their own transcription.

REV-ERBs and RORs bind to ROR-responsive elements

(RREs)16,17 to regulate BMAL1 transcription, whereas

PER and CRY dimerize to inhibit the BMAL1–CLOCK
dimer (Fig. 1). CRY recruitment is facilitated via

CLOCK-mediated acetylation of BMAL1, whereas PER

and CRY phosphorylation and degradation is controlled

by the casein kinases I d and e (CKId and e) to restrict

their negative feedback potential.18,19 These feedback

loops are the fundamental building blocks of the cellular

clock; however, many more genes are directly regulated

by the clock machinery, resulting in rhythmic expression

of clock-controlled genes via E-boxes, D-boxes and RREs,

which are also responsible for phase delays of circadian

genes (E-boxes at the transition into the active phase,

D-boxes during activity and RREs at rest).20,21 Primary

and secondary clock-regulated genes can also regulate the

level of transcription and post-transcriptional modifica-

tion of central clock genes, thereby reinforcing their
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Figure 1. The molecular clock. BMAL1 (Brain and Muscle ARNT-like 1) heterodimerizes with CLOCK (Circadian Locomotor Output Cycles

Kaput) to initiate transcription of target genes via E-boxes. PER (PERIOD) and CRY (CRYPTOCHROME) proteins dimerize and inhibit their

own expression by disrupting the acetylated (AC) BMAL1:CLOCK dimer. REV-ERB (nuclear receptor subfamily 1, group D) and ROR (RAR-

Related Orphan Receptor) bind to ROR responsive elements (RRE) to regulate BMAL1 transcription. PER and CRY phosphorylation (P) and

degradation is governed by casein kinases I d and e (CKId/e).
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integrity. Eight per cent of the transcriptome in murine

peritoneal macrophages has been shown to be cycling,12

which is probably an under-estimate of the actual amount

of circadian outputs, as post-translational modifications

can also result in circadian activity of genes whose tran-

scription is not cyclic.

Recently, interest in circadian rhythms and the effect

that this might pose on the immune system has grown

and much progress has been made in unravelling the

mechanisms of the clock and its outputs. Nevertheless,

many circadian phenotypes remain to be understood.

Even though it is challenging to decipher the importance

of a distinct zeitgeber on a specific phenotype, roles for

zeitgebers other than light that may impact the immune

system are starting to be appreciated.

Daily oscillations in immunity

‘Sleep will heal’: immunological memory and immune
activity during sleep

The sleep/wake cycle is one of the most prominent mani-

festations of the circadian rhythm and communicates

tightly with the immune system in a bi-directional man-

ner. Although a direct role was only shown for inter-

leukin-1b (IL-1b), tumour necrosis factor-a (TNF-a),
interferon-c22 and IL-6,23 pro-inflammatory cytokines are

generally classified as somnogenic (reviewed in ref. 24),

and basal plasma levels of these cytokines appear higher

during the rest phase. Infection-associated sleepiness,25 in

conjunction with increased duration and intensity of

slow-wave sleep and decreased rapid eye movement sleep

(reviewed in ref. 26), have been attributed to increased

pro-inflammatory cytokine plasma levels. In contrast,

anti-inflammatory cytokines, such as IL-4 and IL-10, are

induced after awakening27 and exhibit inhibitory effects

on sleep.28 In support of this, IL-1- and TNF-receptor

deficient mice display decreased baseline sleep and lack

an increase in slow-wave sleep and decrease in rapid eye

movement sleep following stimulation with IL-1 or TNF,

respectively.29,30 Sleep also directly regulates oscillations

of an assortment of cytokines and cytokine receptors,

such as IL-231 and soluble IL-6 receptor,32 that are abol-

ished in sustained wakefulness. Equally, a collection of

immuoregulatory hormones such as renin, growth hor-

mone and prolactin are dependent on sleep, and sleep

deprivation is sufficient to abrogate daily oscillations.32

Other rhythmic hormones, like melatonin and cortisol,

however, do not appear to be affected by sleep directly.

Although the reason why we sleep is still largely elusive

and highly investigated, its role in memory formation33 is

generally appreciated. Findings of blunted response to

vaccination in humans34 and mice35 as a result of sleep

deprivation, argue for a similar role of sleep in immuno-

logical memory formation, which was later associated

with slow-wave sleep. The early rest phase (the time when

slow-wave sleep is dominating) is correlated with high

levels of pro-inflammatory cytokines, high growth hor-

mone and prolactin levels and low catecholamine and

cortisol levels, paralleled by a high abundance of memory

cells36 in the bloodstream, providing excellent conditions

for immunological memory formation. Local cytotoxic

activities in contrast appear to be restricted to times of

activity,37 when wounding and acute pathogen exposure

are more prominent.

Sleep has tremendous effects on health and well-being,

and represents a considerable proportion of our lives.

Research has mainly focused on sleep deprivation assays,

which hardly control for effects caused by other zeitge-

bers. It will therefore be of great interest to perform

immunological studies on individuals in an environment

that only allows for sleep during the natural active phase

or exposure of subjects to light during the inactive, and

darkness in the active phase.

Rhythmic cytokine production and cytotoxic activities

In 1960, Halberg et al.38 laid the foundation of modern

circadian research in immunology by illustrating a diur-

nal susceptibility pattern in mice challenged with the

bacterial endotoxin lipopolysaccharide (LPS), with lethal-

ity ranging from 80% towards the end of the rest (light)

phase to 20% in the middle of the active (dark) phase.

Even though much progress has been made and human

pathologies were reported to follow similar daily

rhythms, we understand little about the mechanistic basis

of this significant finding. Daily variations in the inten-

sity of symptoms in chronic diseases like rheumatoid

arthritis39,40 and rhinitis41,42 are highly prevalent and

morning stiffness, as it occurs in patients with rheuma-

toid arthritis, has been correlated with elevated pro-in-

flammatory cytokine production.43 Systemic pro-

inflammatory activity is basally elevated during the rest

phase in healthy individuals and anti-inflammatory medi-

ators are sharply induced upon awakening27 (Fig. 2). In

addition to a possible contribution from mechanical stiff-

ness after rest, morning stiffness in patients with rheuma-

toid arthritis may result from a hyper-inflammatory

phase at night that is sustained into the awakening phase.

Joint stiffness only slowly improves as activity com-

mences and anti-inflammatory mediators reach higher

systemic levels.

Whole blood stimulation with LPS in vitro, at night

and early in the morning, displayed increased interferon-

c, TNF-a, IL-6, IL-1 and IL-12 production in samples

from healthy volunteers compared with other times.44

Similar results were obtained during a human in vivo

study, where Escherichia coli LPS injection at night

resulted in increased IL-6 and TNF levels compared

with noon infection.45 Increased cytokine production and
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sensitivity46 was also seen in nocturnal organisms such as

mice when stimulated during the inactive phase or at the

transition into the active phase.47,48

Before functional clocks in immune cells were discov-

ered, inflammatory outputs were correlated with hormone

levels to mechanistically investigate the interplay between

the clock and immunity. Cortisol and melatonin both

regulate immunity and their expression follows a strong

diurnal pattern. Cortisol reaches peak serum levels at the

beginning of the active phase and suppresses inflamma-

tion and cytokine production.44 The role of melatonin in

contrast appears rather diverse, as studies showing

immunostimulatory effects of melatonin are as abundant

as reports claiming an immuno-inhibitory role. Melatonin

may therefore act as an immune buffer, stimulating the

immune response under basal conditions, while promot-

ing anti-inflammatory pathways in states of inflammation

(reviewed in ref. 49).

The characterization of functional, cell autonomous

clocks in almost every cell in the human body sparked

interest in the mechanistic role of clocks in immune cells.

In macrophages, inflammatory outputs such as phagocy-

tosis, cytokine and chemokine mRNA are regulated by

the cell autonomous clock and induced at various times

of the day.50 Cytotoxic natural killer cell activity is simi-

larly dependent on the cell intrinsic clock, with TNF

being rapidly induced at the beginning of the active

phase, and granzyme and perforin protein levels peaking

later in the active phase.37

Cytokine signalling pathways and the clock appear to

reciprocally regulate each other. For example, pro-inflam-

matory signalling triggered by TNF is intensified in Cry

mutants via the regulation of glycogen synthase kinase 3b
phosphorylation and subsequent nuclear factor-jB induc-

tion.51 Upon engagement of TNF with TNF receptor 1,

the negative arm of the molecular clock (Per1/2, Cry1) is

induced in a P38–mitogen-activated protein kinase-de-

pendent fashion52 and in the absence of the central clock

machinery, nuclear factor-jB-mediated transcription is

up-regulated, thereby reinforcing the inflammatory

response.53

In addition to the direct influence of the circadian

clock cycle on immune cell gene expression and func-

tion, a role for core clock components exists indepen-

dently of a functional clock. Rev-erba deficiency, for

example, abrogates rhythmic cytokine response in

macrophages, particularly IL-6 production, while a func-

tional clock is sustained.54 However, silencing of Cry2

also induces IL-6 expression,55 arguing for Rev-erba not

being exclusively responsible for rhythmic IL-6 regula-

tion. Discrimination and attribution of phenotypes to

single clock components is not always possible, and can

be confounded by the effects of deletion of core clock

elements such as BMAL1, which result in a complete

collapse of the cellular clock. However, it is clear that

the entity of a functional clock and its constituents are

critical for homeostatic balance.

The intensity of cytokine production upon stimulation

appears to sustain rhythmicity in constant darkness,54,56

conversely, circadian differences in survival in response to

LPS could not be observed under these conditions.47 It

should be noted that the majority of studies investigating

diurnal rhythms in susceptibility to infection were consis-

tent regarding the trough in survival rate during the late

rest phase despite the use of different protocols ranging

from TNF46 and LPS in BALB/c mice38 to coxsackie B3

virus infection in CD-1 mice.57 Persistence of circadian

rhythms without appropriate cues, like light (free running

conditions), that are necessary to classify rhythmic oscilla-

tions as circadian or diurnal, has not been tested.

Besides cytokine regulation, toll-like receptors such as

TLR9 and accordingly TLR9-mediated responsiveness to

vaccination, display daily variations with peak values dur-

ing the active phase.58 Bacterial burden and pro-inflam-

matory response are further heightened following

Salmonella infection at the beginning of the rest phase

compared with infections during the late active phase.59

The 70 000 MW f-chain associated protein kinase ZAP70

is another immune-regulator that is rhythmically

expressed under physiological and inflammatory condi-

tions, which mediates increased T-cell proliferation upon

T-cell receptor stimulation in the organism’s inactive

phase.60

Inflammation is tightly regulated and although we do

not fully understand why and how immune function dis-

plays such strong diurnal variation, a more systemic, pro-

inflammatory response during the inactive phase that

allows immunological memory formation, and a generally

anti-inflammatory state during the active phase that

promotes a local immune response in case of pathogen

Figure 2. Circadian oscillations of immune factors. Schematic illustration of rhythmic immunological readouts. Activity in nocturnal mice is

restricted to the dark phase (filled bar), which coincides with the rest phase of humans. A range of immunological processes oscillate similarly in

mice and humans with regard to rest and activity. Susceptibility to infection is elevated in the late rest phase and during transition to the active

phase. Memory formation and systemic inflammatory response (blue curves) are denoted by high blood count of neutrophils, T cells and mono-

cytes and increased pro-inflammatory cytokine production. Anti-inflammatory signals (red curves) such as interleukin-10 and cortisol peak dur-

ing the active phase when local inflammation (green curves) – as indicated by blood abundance of natural killer cells as well as granzyme and

perforin production and epinephrine abundance – is increased. Food intake parallels activity and delivers nutrients to support anabolic metabo-

lism, whereas times of starvation due to inactivity generally promote catabolism, as indicated by increased fatty acid oxidation in the liver.
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exposure, for example as a result of wounding, has been

described (reviewed in ref. 61) (Fig. 2).

Diurnal variations in immune cell trafficking

In line with the concept that diurnal variations promote

immunological memory formation at rest and a relatively

local immune response during the active period, rhythmic

cell counts of immune subsets in the blood are apparent

(Fig. 2). Total leucocyte numbers in humans are low in

the morning hours and peak at midnight.62 This is paral-

leled by increased abundance of memory and naive T

cells in the bloodstream at night, whereas CD8+ effector

T cells and natural killer cells peak during the day-

time.31,36 Nocturnal animals, such as mice and rats, dis-

play a similar pattern when correlated to times of

activity63 (e.g. nocturnal mice and rats are active at night,

while diurnal humans are at rest).

In humans, epinephrine64 and cortisol65 are rhythmi-

cally released and are highly abundant in the early morn-

ing hours with reduced levels at night. Epinephrine

rapidly recruits natural killer cells and effector T cells in

the morning from the marginal pool to the circulation by

increasing the expression of b-adrenergic receptors and

the chemokine receptor CX3CR1 and a corresponding

decrease in adhesion molecules. Conversely, cortisol, with

a 3-hr delay, increases the expression of CXCR4 to medi-

ate bone marrow homing, thereby negatively regulating

the abundance of circulating naive and memory T cells in

the blood.36 The epinephrine/cortisol rhythms are highly

robust, and sleep appears to consolidate oscillations in

leucocyte abundance by preserving these hormonal

rhythms.61 Adrenergic signalling also regulates expression

of vascular cell adhesion molecule-166 in the bone mar-

row microenvironment to induce homing of leucocytes to

the bone marrow late in the activity phase, as well as

intercellular adhesion molecule-1 and chemokine (C-C

Motif) ligand (CCL2) expression on endothelial cells in

skeletal muscle to facilitate adhesion and rolling of leuco-

cytes.66 Hence, trafficking to peripheral sites occurs

simultaneously, thereby resulting in anti-phasic abun-

dance in the bloodstream.

Whereas most studies correlate immune cell trafficking

to glucocorticoids originating from the hypothalamic–pi-
tuitary–adrenal system and catecholamines via the sympa-

thetic nervous system,67 some more recent studies

implicate involvement of the peripheral clock in immune

cells (reviewed in ref. 68). Recruitment of Ly6Chigh

monocytes to the bloodstream and inflamed tissue, for

example, peaks in the late rest phase and was shown to

be dependent on the abundance of myeloid BMAL1,

which acts as a transcriptional repressor of CCL2 and

CCL8 in monocytes. As BMAL1 reaches a nadir at the

transition to the active phase, repression is withdrawn

and CCL2 consequently rises to peak levels, allowing

monocyte recruitment to the bloodstream and inflamed

peripheral tissues.48

The role of chrono-nutrition

Recently, interest in the effects of metabolism on immu-

nity has flourished, and provided a new level of under-

standing regarding the role of the Warburg effect in

immune cell function. Warburg’s initial observation69 of

a shift from oxidative phosphorylation towards increased

levels of glycolysis in tumour cells has been linked to a

pro-inflammatory state of immune cells in multiple sys-

tems.70 Whether immune cell metabolism can be influ-

enced via nutritional signals is not yet clear.

Obesity is highly prevalent and promotes inflammatory

diseases including type 2 diabetes and certain forms of

cancer, and control of weight is central in disease preven-

tion. Recently, a critical role for timed food intake in

terms of duration and solar time in the development of

obesity has been identified. Restriction of food availability

to 8 hr during the active phase prevents weight gain com-

pared with ad libitum feeding, although caloric intake is

sustained,71 and even food restriction to the inactive

phase limits weight gain compared with ad libitum feed-

ing on a high-fat diet.72 Locomotor and feeding activity

on high-fat diet are additionally blunted, promoting

increased food intake during the inactive phase and sub-

sequent progression of metabolic disease.73

Similar to the light-entrained master regulator in the

SCN, a food-entrained master regulator has been pro-

posed to regulate food-entrained oscillators, such as food

anticipatory activity (Fig. 3). Food anticipatory activity is

characterized by elevated hormone levels (e.g. the gluco-

corticoid corticosterone and ghrelin74) and increased core

body temperature, and is sustained under temporal food

restriction even in BMAL1-deficient and SCN-lesioned

mice.75 The location and the mechanism by which the

food-entrained master regulator is entrained by food

stimuli and how it subsequently regulates subordinate,

peripheral tissues is however unknown.

Based on current knowledge, it appears that food is a

strong zeitgeber, with the ability to shift clock gene

expression in a variety of peripheral tissues.76–78 Tempo-

ral food restriction allows robust entrainment of cellular

clocks, and even though misalignment between the master

and food entrained clocks has disadvantageous effects on

metabolic homeostasis, it appears that complete loss of

rhythmicity in food-entrained oscillators, via unrestricted,

ad libitum feeding, intensifies metabolic pathology.72

High-fat diet additionally consolidates food intake during

the inactive phase, eventually causing loss of food-

entrained oscillator rhythmicity. This has significant

implications in the prevention and therapy of metabolic

diseases and cancer caused by shiftwork and diet-induced

obesity, and it will be of particular interest to investigate

Published 2015. This article is a U.S. Government work and is in the public domain in the USA, Immunology, 146, 349–358354

S. S. Geiger et al.



whether timed food intake may affect weight loss on

non-high-fat diet in obese individuals. Shift work, as a

form of chronic clock disruption, is associated with

increased risk of infectious diseases79 and metabolic syn-

drome,80 which subsequently promotes diabetes81 and

cardiovascular disease. It is not known whether this is

due to misaligned clocks or is mainly a result of inappro-

priate mealtimes and requires further investigation.

It is of great interest to locate and characterize the

proposed food-entrained master relay to provide the

tools needed to perform detailed studies of the entrain-

ment and sustained rhythmicity of food-entrained oscilla-

tors using conditional mutations. However, this is a

challenging undertaking considering the sustained rhyth-

micity in Bmal1-deficient mice and the fact that food

deprivation can only be for a relatively short period of

time.

Conclusion

Society and industry have dramatically changed our

working and eating habits, thereby promoting chronic

disruption of biological clocks. Only now are we begin-

ning to understand the adverse effects this may pose to

our health. Evolutionary pressure has forced organisms to

maximize efficiency and the occupation of distinct niches

has consequently resulted in a defined pattern of predator

and food abundance, social interactions and pathogen

exposure in the course of a day, allowing organisms to

anticipate and quickly react to environmental changes.

Molecular clock dependent Molecular clock independent

Adrenal gland

Other peripheral clocks

FEMR

SCN

LEMR

Sleep

??

?

?

?
Immune
system

Figure 3. The body clock. Zeitgebers, such as food and light, entrain master regulators, which communicate with peripheral clocks in a bi-direc-

tional fashion to sustain clock alignment. Light stimuli are processed in the light-entrained master regulator (LEMR) in the suprachiasmatic

nucleus (SCN), whereas food signals are conveyed to the food-entrained master regulator (FEMR), whose location is not yet known. LEMR regu-

lates sleep and immune response, as well as other peripheral clocks (blue arrows). FEMR strongly controls the liver clock among others (red

arrows). The question marks indicate a proposed, but not yet proven, interplay and the black arrows represent general crosstalk. Round clocks

indicate cellular clock involvement, whereas rectangular clock symbols reference a system that is independent of the molecular clock.
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Accordingly, the immune system has evolved to accu-

rately balance immune responses to clear infection while

keeping tissue damage to a minimum by restricting maxi-

mum immune reactivity and intensity to certain times of

the day.

The level of complexity is not surprising, considering

how conserved this timing system is, and this, without

doubt, is one of the reasons why we are still unable to

explain phenotypes that have been characterized decades

ago. Modern technology has helped us tremendously to

shed light on a variety of aspects and we now know that

anti- and pro-inflammatory processes are oscillating and

are regulated on several levels ranging from hormonal to

cell autonomous. It appears that immune components

that are necessary for immunological memory are highly

active during the sleep phase, whereas local, cytotoxic

immune cell function is induced at the transition into

the active phase. Despite our knowledge about the

importance of sleep in memory formation and as a reg-

ulator of immunity, research often neglects sleep, not

least because it is challenging to dissociate this from

other zeitgebers.82 The importance of zeitgebers other

than light has generally been ignored in the field of

chrono-immunology and we are now facing a growing

need to evaluate the contribution of various zeitgebers,

like food and sleep, rather than solely correlating pheno-

types to the solar time. Importantly, we will also need

to reconsider the physiological relevance of in vitro stud-

ies using clock-deficient cells to examine pathologies rel-

evant in chronically desynchronized individuals, such as

shift workers. A significant body of literature has

emerged over the previous year reporting sustained

rhythmicity in clock-deficient compartments,83,84 under-

pinning the relevance of systemic signals in tissue func-

tion and homeostasis. Loss of molecular clock

components can therefore not necessarily be correlated

with loss of functional rhythmicity. Usually, in vitro

studies do not take those systemic factors into consider-

ation and often attribute readouts exclusively to the lack

of particular clock factors or clock break down, although

the system might not be affected in vivo. Hence, in vitro

studies are often questionable and have to be reviewed

critically. It is also of much greater interest to investigate

the impact of misaligned clocks on immunological out-

puts, similar to what is observed in acute and chronic

jet lag and night-time eaters, rather than clock deficiency

per se.

Our understanding of food intake and nutrition as a

player in immunity has been growing in the past years,

and we can now start to appreciate the role of metabo-

lism in immunity, yet there is still much to be learned in

this area. Recent discoveries about the preventive role of

timed food intake in metabolic diseases have paved the

way for future investigations focusing on the role of

chrono-nutrition in inflammation, but our knowledge so

far is based on phenotypic observations as a result of

time-restricted feeding in mice.

Despite active investigation of the crosstalk between the

clock and the immune systems, we still understand very

little about the mechanism by which clock disruption

hyper-activates immunity and what effect chronic inflam-

mation might have on the circadian machinery. The

importance of chrono-immunological research goes

beyond chrono-pharmacological applications, where med-

ication can be optimized by timed drug administration.

Better understanding of this area may allow preventive

and improved therapeutic approaches for immunological

diseases and inflammation-linked disease states including

metabolic syndrome.
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